Abstract: A photonic triangular pulse generation method based on spectrum manipulation of phase-modulated signals is proposed and experimentally demonstrated. A light wave is first phase modulated by a sinusoidal signal to generate optical sidebands. Then, the optical spectra are manipulated by attenuating the optical carrier and one of the first-order sidebands with the same suppression ratio. By choosing a proper modulation index, a full-duty-cycle triangular pulse train with a repetition rate equal to the frequency of the drive signal can be generated. To improve the practical feasibility and the repetition-rate tunability, the spectrum manipulation is realized using a Sagnac loop and a fiber Bragg grating (FBG). In the experiment, four full-duty-cycle triangular pulse trains with different repetition rates (3-6 GHz) are successfully generated, and the repetition rate can be further improved if larger bandwidth measuring instruments are used. In addition to the large and tunable repetition rate, the proposed scheme also features the advantages of simple structure, low cost, and freedom from bias drift.
Introduction
Generation of arbitrary radio-frequency (RF) waveforms, especially the triangular pulses, is an interesting topic due to its wide applications in many electronic systems such as wireless or optical fiber communications [1] , [2] , all optical signal processing [3] - [5] , pulse radar [6] , and liquid crystal display systems [7] . For example, combined with cross-phase modulation, triangular pulses can be used for optical frequency conversion, pulse compression, and signal copying [3] .
However, the bandwidth of the pulses generated using conventional electronic techniques is limited to below 20 GHz [8] due to the electronic bottleneck of the digital-analog converter and the high timing jitter [9] . Thanks to the advantages of large bandwidth, electromagnetic immunity [10] , and compatibility with optical fiber communications and optical signal processing systems [11] , photonic microwave waveform generation techniques have been intensively investigated in recent years. Many photonic triangular pulse generation methods have been proposed so far, including optical spectral shaping [12] , frequency-to-time mapping [13] , [14] , temporal pulse shaping [15] , processing with nonlinear fiber [16] , [17] , and external modulation of a continuouswave (CW) light [18] - [25] . Among the above methods, the external modulation method attracts more attention due to low cost and system flexibility. In addition, full-duty-cycle triangular pulses that preferred in many applications can be easily generated using external modulation.
In a typical photonic waveform generator based on external modulation, a CW light is externally modulated by a sinusoidal RF signal to generate optical sidebands. By properly setting the system parameters such as the modulation index and the working point of the modulator, the harmonics of the generated signal can be approximately equal to the Fourier components of a full-duty-cycle triangular pulse train. A triangular pulses generation scheme based on a dualelectrode Mach-Zehnder modulator (MZM) and a dispersive fiber was proposed in [18] . In [19] , an MZM-based triangular pulses generator is also proposed and an optical interleaver combined with a tunable optical delay line is applied to introduce a time delay between the 1st and 3rd order optical sidebands. The highlight in [18] and [19] is that the repetition rate of the generated triangular pulse train is twice larger than the frequency of the drive signal. However, the tunability of the repetition rate is limited by the dispersive fiber [18] or the optical interleaver [19] . In [20] , a dual-parallel MZM (DPMZM) is used, with the two sub-modulators driven by two RF signals with a phase difference of 90 , respectively. The triangular pulse train is generated by properly selecting the dc bias voltages of the DPMZM and the modulation index. The major problem in this method is the system instability caused by the drifts of the three biases. The same problem occurs in another DPMZM-based scheme proposed in [21] . The triangular pulses can be also generated by manipulating the carrier of modulated signals, which is realized by intensity modulation in a DPMZM [21] , polarization modulation in a Sagnac loop [22] , or stimulated Brillouin scattering effect [23] . An optical bandpass filter is required in each of the three schemes to remove all the negative (or positive) order optical sidebands. In [24] and [25] , two triangular pulses generation schemes are proposed, and the main principle is to construct a microwave photonic filter (MPF) to suppress the unwanted electrical harmonics.
In this paper, a new photonic triangular pulses generation method based on phase modulation and spectrum manipulation is proposed. A phase modulator (PM) is driven by a local oscillator (LO) signal to generate an optical signal with each order sidebands. The analysis reveals that if the optical carrier and one of the first-order sidebands are attenuated with the same suppression ratio, the second harmonic in the detected electrical signal will be suppressed. After properly choosing the modulation index, a triangular pulse train with a repetition rate equal to the frequency of the drive signal will be generated. The desired spectrum manipulation is firstly realized using an optical notch filter. Then, a revised spectrum manipulation method is proposed, where the optical carrier and the first-order sideband are attenuated using a Sagnac loop and a fiber Bragg grating (FBG) respectively. The revised triangular pulses generator is easy in implementation and tunable in repetition rate. An experiment is conducted to verify the revised scheme, and four full-duty-cycle triangular pulse trains with the repetition rates of 3-6 GHz are successfully generated.
Principle
In this section, the photonic triangular pulses generator based on a PM and an optical notch filter is theoretically analyzed and verified by computer simulations. Then, a revised scheme using a Sagnac loop and an FBG is introduced.
Triangular Pulses Generator Based on a PM and an Optical Notch Filter
The schematic diagram of the photonic triangular-shaped pulses generator based on phase modulation and spectrum manipulation is shown in Fig. 1 , where the spectrum manipulation is realized using an optical notch filter. A CW light wave generated from a laser diode (LD), denoted by E in ðt Þ, is modulated by a sinusoidal LO signal through a PM. The LO signal is expressed as V sinðt Þ, where V and are the amplitude and angular frequency, respectively. Neglecting the insertion loss of the modulator, the optical signal after the PM is expressed as
where m ¼ V =V is the modulation index, and J n is the nth order Bessel function of the first kind. Given a small modulation index, the higher order optical sidebands are ignored and only the optical carrier, the ±1st and ±2nd order sidebands are drawn in Fig. 1(a) . Usually, an optical notch filter is applied to suppress the optical carrier and achieve phase modulation to intensity modulation conversion (PM-IM). In the proposed scheme, however, the optical notch filter is used not only to suppress part of the optical carrier, but also to attenuate one of the first-order sidebands. Assuming the attenuation factors of the optical carrier and the +1st order sideband are 0 and 1 , respectively, the optical signal after the notch filter can be expressed as
The relative amplitude and phase of the optical signal after filtering is illustrated in Fig. 1(b) . Then, the optical signal is sent to a photodiode (PD) for detection. The detected electrical signal originates from the beating of the optical carrier, the ±1st and ±2nd order sidebands of the optical signal shown in (2) and Fig. 1(b) . It consists of all harmonics of the drive signal and the photocurrent can be written as
where the current coefficient of the fundamental term, second, and third harmonics can be expressed as
As we all know, the Fourier series expansion of a triangular pulse train with a full duty cycle can be expressed as Only odd components exist in triangular pulse trains. As the high order components are small in power and can be ignored, the first three harmonics can be used as the approximation of a triangular train [22] . Therefore, in order to generate triangular pulses in the proposed scheme, the second harmonic should be suppressed and the current ratio between the fundamental term and the third harmonic should be 9, as expressed in the following equations:
After approximately expanding the Bessel functions using the following equations
(6) can be rewritten as
The second harmonic of the detected electrical signal is suppressed by attenuating the optical carrier and the +1st order sidebands with the same attenuation factor ð 0 ¼ 1 Þ. Due to the symmetry, it is feasible to attenuate either of the first-order sidebands. The current ratio between the fundamental term and the third harmonic can be set as 9 (or a power ratio of 19.1 dB) by adjusting the modulation index, thus to generate triangular pulses shown in Fig. 1 
(c).
A computer simulation is conducted in the VPItransmissionMaker software to verify the feasibility of this method. The frequency of the LO signal driving the phase modulator is set as 3 GHz, and an ideal optical bandstop filter with a suppression ratio of 4 dB (attenuation factor 0 ¼ 1 ¼ 0:63) is utilized to attenuate the optical carrier and the +1st order sideband. According to (8), the modulation index is set as m ¼ 0:74. The simulated spectrum and waveform of the detected electrical signal is shown Fig. 2(a) and (b) , respectively. The second harmonic at 6 GHz is suppressed and is 37.9 dB lower than the fundamental term, as shown in Fig. 2(a) . The residual component of the second harmonic mainly results from the approximate expansion of Bessel function in (7). The power ratio between the fundamental term and the third harmonic is 19 dB, which is close to the ideal value 19.1 dB. The corresponding waveform of the detected signal is drawn in Fig. 2(b) . As can be seen, a full-duty-cycle triangular pulse train with a period of 1/3 ns is generated. The repetition rate is 3 GHz, the same as the frequency of the drive signal.
Although the above scheme is simple in structure, it is not easy to implement in experiment as the desired optical notch filter is often not available. A simple FBG can act as a narrow-band optical notch filter. But its bandwidth is difficult to tune, thus limiting the tunability of the repetition rate. An optical waveshaper with tunable filter shape may be a solution, as its resolution bandwidth is now variable from several GHz up to several THz [26] . The disadvantages of the optical waveshaper are its bulky size and large cost. 
Revised Scheme Using a Sagnac Loop and an FBG
In order to improve the practical feasibility and flexibility of the triangular pulses generator, the above scheme is revised, where the desired spectrum manipulation is achieved using a Sagnac loop and a narrow-band FBG, as shown in Fig. 3 . The narrow-band FBG with a small suppression ratio is used to suppress part of the +1st order sideband. The Sagnac loop combined with a polarization controller (PC) and a polarizer is applied to attenuate the optical carrier. The suppression ratio of the optical carrier can be simply adjusted to be identical to that of the +1st order sideband by tuning the polarization state of the light wave before the polarizer. After revision, the triangular pulses generator is expected to be easy to implement and tunable in repetition rate.
The structure and principle of the Sagnac loop is described in our previous work [27] . The phase modulator is located in a Sagnac loop in the clockwise (CK) direction. By adjusting PC1 after the LD, the light waves at the two output ports of the polarization beam splitter (PBS) are set to be equal in power and orthogonal in polarization state. The light wave in the CK direction is normally modulated in the PM. Due to the velocity mismatch, however, the modulation along the counter-clockwise (CCK) direction is very weak and can be ignored [28] . The optical signal output from the Sagnac loop is polarization controlled by PC3 before injected into a polarizer. The optical field output from the polarizer can be expressed as [27] 
where is the angle between the principal axes of the PBS and the polarizer, and is the phase difference between the CK and CCK light waves, which can be both adjusted by PC3. As can be seen from (9), if we set ¼ , a relative attenuation factor of 1 À tan=J 0 ðmÞ will be introduced to the optical carrier. Then an FBG with a attenuation factor of is followed to attenuate the +1st order sideband, and the optical field after the FBG can be expressed as
According to (8), the triangular pulses generation condition of the revised scheme can be expressed as The attenuation factor of the FBG is often a fixed value. In our experiment, the modulation index and the angle can be easily adjusted by the tuning the amplitude of the drive signal and PC3, respectively, thus satisfying (11) and generating triangular pulses.
Experimental Results and Discussion
The experiment of the proposed triangular pulses generator is set up according to Fig. 3 . A CW light wave is generated from a tunable laser source (Yokogawa AQ2200-136). The fiber pigtails of the PBS and the input pigtail of the PM are polarization maintaining fibers, and therefore, the input pigtail of the PM can be directly connected to the PBS without polarization control. The modulator has a half-wave voltage of about 5 V and its RF port is driven by a 3-GHz sinusoidal LO signal generated from a microwave signal source (Agilent, N5183A MXG). A type-I FBG with a resonant frequency of 193.373 THz, a suppression ratio of 4 dB and a bandwidth of 6 GHz (50 pm) is utilized to suppress the +1st order sideband. The optical signal after filtering is amplified to 9 dBm before sent to a wideband PD (U2T MPDV1120RA). The responsivity of the PD is 0.6 A/W and the 3-dB bandwidth is 35 GHz. The detected electrical signal is captured by an electrical spectrum analyzer (R&S, FSV-30) and a 20-GHz real-time oscilloscope (LeCroy, SDA820Zi-A) successively.
The first step in the experiment is to choose the proper frequency of the laser source. It should be set 3 GHz lower than the resonant frequency of the FBG, so as to align the +1st order sideband exactly with the notch band of the FBG. As the attenuation factor of the FBG is 0.63, the optimal modulation index is 0.74 and the calculated angle between the principal axes of the PBS and the polarizer is 17.8 . After proper tuning the PC before the polarizer, the spectra of the optical signals after the PM and the FBG are measured and plotted in Fig. 4 . In order to have a clear comparison, the overall spectra curve after FBG is raised by 2.5 dB. Then the unsuppressed À1st order sidebands in the two curves are at the same level. We can see from Fig. 4 that the optical carrier and the +1st order sideband after FBG are attenuated basically by the same suppression ratio (3.9 and 4 dB, respectively).
The power of the drive signal is then adjusted to tune the power ratio between the fundamental term and the third harmonic. When the drive signal is set as 13 dBm, the power ratio between the fundamental term and the third harmonic is 19.3 dB, as shown in Fig. 5(a) , which is close to the ideal value 19.1 dB. According to the optimal modulation index m ¼ 0:74, the optimal power of the drive signal is expected to be 11.4 dBm. In view of the insertion loss of the RF cable, the experimental results agree well with the theoretical analysis. It can be also seen from 5(a) that the even-order harmonics are well suppressed. The second harmonic is 33 dB below the fundamental term and the fourth harmonic is even lower. The waveform of the detected signal is shown in Fig. 5(b) , where a full-duty-cycle triangular pulse train with a period of 1/3 ns (or repetition rate of 3 GHz) is observed.
In order to demonstrate the tunability of the repetition rate, the frequency of the drive signal is then set as 4, 5, and 6 GHz in turn in the experiment. After properly choosing the frequency of the laser source, the measured spectra and waveforms of the detected electrical signals are shown in Fig. 6 . As can be seen from Fig. 6(a) , (c), and (e), the even-order harmonics of the detected signals are all well suppressed and the power ratios between the fundamental terms and the third harmonics are all close to 19.1 dB. As a result, three full-duty-cycle triangular pulse trains with the period of 1/4, 1/5, and 1/6 ns (or repetition rate of 4, 5, and 6 GHz) are observed in Fig. 6(b) , (d), and (f), respectively. The good tunability of the repetition rate mainly results from the fact that the carrier-suppression technique based on Sagnac loop is independent of the frequencies the drive signal and the laser source. The repetition-rate tunability also benefits from the avoidance of the frequency-dependent electrical devices, such as phase shifters or filters.
Limited by the 20-GHz bandwidth of the oscilloscope, the triangular pulses with higher repetition rate are not demonstrated. The bandwidths of commercially available phase modulators and the photodiodes are above 35 and 110 GHz, respectively. So the repetition rate of the generated triangular pulses can reach 35 GHz, if suitable devices and measurement instruments are used. The minimum repetition rate of the generated pulses is 3 GHz, which is half of the bandwidth of the FBG.
In addition to the advantage of large and tunable repetition rate, the proposed PM-based scheme is simple in structure and free from the bias drift problem that occurs in many MZM-based systems. In the schemes previously published, bulky and expensive devices are often required, such as the mode locking laser, tunable optical bandpass filter or delay line, optical interleaver, and so on. The cost is reduced in the proposed scheme. Except for the necessary CW laser, phase modulator, and photodiode, the key devices are the FBG and the Sagnac loop consisting of PBS, PC, and optical circulator, which are much cheaper.
The disadvantages of the scheme are mainly attributed to the use of the FBG. As mentioned above, the wavelength of the laser source should be tuned according to the drive signal to align the +1st order sideband with the notch band of the FBG, so a laser source with tunable wavelengths is required, which may increase the implementation difficulty. In addition, the resonantwavelength of the bare FBG is sensitive to the environment temperature and may challenge the system stability. The thermal stability of the type-I FBG used in our experiment was previously investigated in [29] . At room temperature, the resonant-wavelength shift versus temperature variation is 13.3 pm/ C. Considering that the bandwidth of our FBG is 50 pm, the temperature variation of several C will lead to severe system instability. This problem is expected be relieved using a thermally stabilized FBG. Many thermally stabilized FBGs are now commercially available. For example, for an FBG fabricated with an athermal package, the resonant-wavelength shift versus temperature variation is below 0.7 pm/ C in the temperature range 0-70 C [30]. After applying this kind of athermal FBG, the resonant-wavelength shift of the FBG will be much smaller (within 50 pm) over this wide operating temperature range, and therefore, system stability will be always obtained.
Conclusion
A new photonic triangular pulses generation method based on spectrum manipulation of phase modulated signals is proposed and experimentally verified in this paper. When the optical carrier and one of the first-order sidebands of the phase modulated signal is attenuated with the same ratio, the second harmonic in the detected electrical signal can be suppressed. After properly choosing the modulation index, the power ratio between the fundamental term and the third harmonic can be set as about 19.1 dB, thus generating a full-duty-cycle triangular pulse train with a repetition rate equal to the frequency of the drive signal. In order to increase the practical feasibility and repetition-rate tunability, a spectrum manipulation method is proposed where the optical carrier is attenuated using a Sagnac loop and the first-order sideband is attenuated by an FBG. In the demonstrating experiment, full-duty-cycle triangular pulse trains with the repetition rates of 3-6 GHz are successfully generated, respectively. If an oscilloscope with larger bandwidth is used, triangular pulses with higher repetition rates can be demonstrated. The proposed photonic triangular pulses generation scheme features the advantages of simple structure, low cost, and freedom from bias drift and may find applications in the electrical systems where triangular pulse trains with high and tunable repetition rates are required.
